Bioimpedance measurements have become a useful technique in the past several years in biomedical engineering. Especially, multi-channel measurements facilitate new imaging and patient monitoring techniques. While most instrumentation research has focused on signal acquisition and signal processing, this work proposes the design of an excitation current source module that can be easily implemented in existing or upcoming bioimpedance measurement systems. It is galvanically isolated to enable simultaneous multi-channel bioimpedance measurements with a very low channel-coupling. The system is based on a microcontroller in combination with a voltage-controlled current source circuit. It generates selectable sinusoidal excitation signals between 0.12 and 1.5 mA in a frequency range from 12 to 250 kHz, whereas the voltage compliance range is ±3.2 V. The coupling factor between two current sources, experimentally galvanically connected with each other, is measured to be less than −48 dB over the entire intended frequency range. Finally, suggestions for developments in the future are made.
Introduction
In the past several years, bioimpedance measurements have become more and more popular in biomedical engineering. This technique for determining the electrical behavior of living tissue can either be used to measure the impedance of interest once or its changes over time by transient measurements [1] . One exemplary application for single measurements is body composition scales [2] [3] [4] . Transient measurements can, for example, be executed for respiration monitoring or detection of muscle contractions [5, 6] . Additionally, in some applications, such as the electrical impedance tomography (EIT) imaging technique [7, 8] , multi-channel measurement devices are required. One further application is the detection of the arterial pulse wave at different positions of the human body to obtain information about its velocity and changes in pulse morphology [1, [9] [10] [11] .
Since the complex electrical impedance of tissue depends on the frequency of the used excitation current, this effect can be used to obtain additional information [1] .
There are several multi-channel bioimpedance measurement devices published in the literature [12] [13] [14] [15] . Most of these publications focus either on the measurement setup itself or on the measurement of the voltage drop across the bioimpedance and the following signal processing. This leads to the assumption that excitation current sources are of course needed for bioimpedance measurements, but they are currently not the focus of ongoing research.
Therefore, the aim of this work is the development of system-independent multi-frequency current source modules for multi-channel applications that can be easily used in combination with existing measurement devices and systems developed in the future. Since there are many applications for bioimpedance measurements, the requirements for each application are different. The used circuit topology of the implemented voltage-controlled current source in this work can therefore be an exemplary setup. Nevertheless, the principle of the presented galvanically decoupled modules can be used in combination with other implementations of the current source circuit. Applicable topologies are, for example, the "modified Howland current source" [16] , the "enhanced Howland circuit" [17] or the "two op-amps-based current source" [18] .
The exemplary configuration of the modules in this work is focused on two multi-channel bioimpedance measurement setups, which have similar requirements. The first intended application is the multi-channel impedance plethysmography for pulse wave analysis. To measure the velocity of the pulse wave within the arteries, at least two simultaneous bioimpedance measurements are necessary. Kaufmann et al. [9] have shown that the usage of measurement frequencies of up to 390 kHz do almost not affect the morphology of the detected pulse wave and lead to similar results. The second intended application is the electrical impedance myography for detecting muscle contractions. Especially for controlling prostheses or orthoses, the contractions of several muscles have to be detected simultaneously. A commonly used measurement frequency for this application is 50 kHz [19] . In both exemplary applications, that the measurement channels are positioned very close to each other and that a galvanic decoupling is indispensable have to be taken into account.
The introduced system is a microcontroller based current source, whose output current can be easily controlled by an external electronic system. The excitation current frequency can be chosen from seven discrete values in the range from 12 to 250 kHz, which allows the intended exemplary measurement applications. The source is able to generate constant root-mean-square (rms) values between 0.12 and 1.5 mA to facilitate compliance with the standard for medical electrical equipment (IEC60601-1). These currents can also be chosen from four pre-defined values. The pre-defined current and frequency values can be easily changed in the firmware according to the application's requirements.
To enable the usage of the system in combination with many various bioimpedance measurement systems, as many current source modules as necessary can be connected and controlled in daisy chain mode.
This work describes the problem of simultaneous multi-channel bioimpedance measurements and the development of the embedded decoupled current source modules as well as its electrical characterization.
Problem Description
Bioimpedance measurements are usually executed by applying a small known alternating current (AC) in the mA-range through electrodes attached on the skin into the tissue of interest. Since the electrode skin interface (ESI) impedances are much higher than the bioimpedance itself and vary significantly over time [1, 19] , two additional electrodes are used to measure the occurring voltage drop across the bioimpedance [1] . This differential voltage is fed to a differential amplifier.
If two or more measurement channels shall be implemented to determine the bioimpedance at different positions of the body at the same time, obviously several current sources and differential amplifiers are connected to the subject via electrodes. The resulting problem of this measurement configuration is shown in the simplified equivalent circuit in Figure 1a . In this simplification, it is assumed that the internal resistances of the two current sources (CS1, CS2) as well as the input impedances of the differential amplifiers are much higher than the bioimpedances (Z Bio ) and the electrode skin interface impedances (Z ESI ). Therefore, the current sources and amplifiers are simplified as ideal components. In the equivalent circuit, it can be seen that the excitation current I 2 of source CS2 is divided into two parts (I 2a and I 2b ). Since the GND electrodes of both channels are connected to the same electrical potential, I 2a flows back to the correct electrode, but I 2b does not. This behavior influences the voltage drop across the bioimpedance of interest (Z Bio2 ) and consequently the measurement results. Since the quantitative impact of this effect is not predictable and changes over time, it has to be prevented. An often implemented solution for this problem is the compartmentation in time domain by multiplexing the excitation currents [1, 7] . A major advantage of this realization is that just one current source circuit is necessary. Disadvantages are the complex control of the multiplexers and the subsequent synchronization of the measured voltage signals. Additionally, the settling processes of the analog circuit components have to be considered. These settling processes limit the impedance measurement rate especially when low excitation frequencies are used.
Another approach, which also enables simultaneous measurements, is the galvanic isolation of the current sources, as shown in Figure 1b . In this figure, both current source circuits are realized with different GND potentials (GNDCS1, GNDCS2), which are galvanically isolated. Therefore, each current flows back to its intended electrode. Furthermore, the data interfaces, which control the configuration of the current source modules, have to be isolated, too. Because of its very high input impedances, the differential amplifiers can be fed by the same power supply. This work describes the implementation of this approach.
System Development
For highest flexibility, an embedded hardware system has been developed, which can easily be combined with existing bioimpedance measurement systems. In Figure 2 , a block diagram of the designed system is shown. An often implemented solution for this problem is the compartmentation in time domain by multiplexing the excitation currents [1, 7] . A major advantage of this realization is that just one current source circuit is necessary. Disadvantages are the complex control of the multiplexers and the subsequent synchronization of the measured voltage signals. Additionally, the settling processes of the analog circuit components have to be considered. These settling processes limit the impedance measurement rate especially when low excitation frequencies are used.
Another approach, which also enables simultaneous measurements, is the galvanic isolation of the current sources, as shown in Figure 1b . In this figure, both current source circuits are realized with different GND potentials (GND CS1 , GND CS2 ), which are galvanically isolated. Therefore, each current flows back to its intended electrode. Furthermore, the data interfaces, which control the configuration of the current source modules, have to be isolated, too. Because of its very high input impedances, the differential amplifiers can be fed by the same power supply. This work describes the implementation of this approach.
For highest flexibility, an embedded hardware system has been developed, which can easily be combined with existing bioimpedance measurement systems. In Figure 2 , a block diagram of the designed system is shown. The current source module is powered by 5 V DC from an external voltage supply or by a controlling bioimpedance measurement system. An isolating DC/DC converter (MTU2D0505MC (Murata Power Solutions, Nagaokakyō, Japan)) is used to implement the galvanic separation of the power supply and to generate a bipolar voltage supply of ±5 V DC , which is used for the analog components of the system. The output voltages of the DC/DC converter are filtered by passive LC-filters with a cut-off frequency of 23 kHz, as suggested in the data sheet. To generate 3.3 V DC for the digital components, a low dropout regulator (LDO, TPS73033 (Texas Instruments, Dallas, TX, USA)) is used.
The data exchange between a controlling measurement system and the current source module is also galvanically isolated. For this purpose, digital isolators (ISO7220BD, ISO7221BD from Texas Instruments), which allow signal rates of up to 5 Mbps, are implemented. The thereby received configuration data is forwarded to a 32-bit microcontroller (ATSAM4S2BA (Atmel Corporation, San José, CA, USA)), which generates a digital sinusoidal signal with the chosen frequency (12-250 kHz) and root-mean-square (rms) current value (0.12-1.5 mA). Its internal 12-bit digital to analog converter (DAC), with a sampling rate of 1 MSPS, generates the corresponding AC voltage. An active 4th order Butterworth low-pass filter in multiple-feedback topology with a cut-off frequency of f c = 400 kHz is realized by two operational amplifiers (LMH6646 from Texas Instruments) to smooth the sampled signal. Afterwards, the remaining DC offset voltage is removed by a passive 1st-order high-pass filter with a cut-off frequency of f c = 200 Hz. A voltage-controlled current source (VCCS), which is based on the AD8130 (Analog Devices Inc., Norwood, MA, USA) [9, 20] , converts the voltage signal into an AC current. This current flows via the electrodes through the bioimpedance (Z Bio ) and a shunt resistor (R S = 69.8 Ω).
In Figure 3 , the circuit diagram of the analog filter block is illustrated. The implemented resistors have tolerances of 1%. To avoid signal harmonics caused by non-linarities, class 1 ceramic capacitors with tolerances of 5% are used. The filtered signal is afterwards buffered by an OPA2134 (from Texas Instruments). The data exchange between a controlling measurement system and the current source module is also galvanically isolated. For this purpose, digital isolators (ISO7220BD, ISO7221BD from Texas Instruments), which allow signal rates of up to 5 Mbps, are implemented. The thereby received configuration data is forwarded to a 32-bit microcontroller (ATSAM4S2BA (Atmel Corporation, San José, CA, USA)), which generates a digital sinusoidal signal with the chosen frequency (12 kHz-250 kHz) and root-mean-square (rms) current value (0.12 mA-1.5 mA). Its internal 12-bit digital to analog converter (DAC), with a sampling rate of 1 MSPS, generates the corresponding AC voltage. An active 4th order Butterworth low-pass filter in multiple-feedback topology with a cut-off frequency of fc = 400 kHz is realized by two operational amplifiers (LMH6646 from Texas Instruments) to smooth the sampled signal. Afterwards, the remaining DC offset voltage is removed by a passive 1st-order high-pass filter with a cut-off frequency of fc = 200 Hz. A voltage-controlled current source (VCCS), which is based on the AD8130 (Analog Devices Inc., Norwood, MA, USA) [9, 20] , converts the voltage signal into an AC current. This current flows via the electrodes through the bioimpedance (ZBio) and a shunt resistor (RS = 69.8 Ω).
In Figure 3 , the circuit diagram of the analog filter block is illustrated. The implemented resistors have tolerances of 1%. To avoid signal harmonics caused by non-linarities, class 1 ceramic capacitors with tolerances of 5% are used. The filtered signal is afterwards buffered by an OPA2134 (from Texas Instruments). The circuit diagram of the subsequent voltage-controlled current source, based on the published circuits of Zhao et al. [20] and Kaufmann et al. [9] , is shown in Figure 4 . Its transfer function is given in Equation (1).
The components' tolerances as well as the class 1 characteristic of the capacitors are the same as described for the filter block before. The circuit diagram of the subsequent voltage-controlled current source, based on the published circuits of Zhao et al. [20] and Kaufmann et al. [9] , is shown in Figure 4 . Its transfer function is given in Equation (1) .
The components' tolerances as well as the class 1 characteristic of the capacitors are the same as described for the filter block before.
The modules are realized on 4-layer printed circuit boards (PCBs) with a size of 23 × 126 mm 2 and have a weight of 23 g, when the 102 components are populated. A photograph of three modules connected in daisy chain mode is shown in Figure 5 .
Each PCB has a power consumption of about 620 mW when active and generating a current of 1.5 mA, whereas the output frequency does not have a significant impact on this consumption. function is given in Equation (1).
The components' tolerances as well as the class 1 characteristic of the capacitors are the same as described for the filter block before. The modules are realized on 4-layer printed circuit boards (PCBs) with a size of 23 × 126 mm 2 and have a weight of 23 g, when the 102 components are populated. A photograph of three modules connected in daisy chain mode is shown in Figure 5 .
Each PCB has a power consumption of about 620 mW when active and generating a current of 1.5 mA, whereas the output frequency does not have a significant impact on this consumption. Table 1 shows the format of the data frame for configuring the current source modules. It can be seen that Bit 7, Bit 6, and Bit 5 contain the information about the chosen frequency. Bit 4 can be used to enable or disable the source. Bit 3 and Bit 2 configure the signal's rms value. The address of the corresponding module is set in Bit 1 and Bit 0. These two address bits lead to a limitation of four modules connected in daisy chain mode, but it can be easily extended by minor software adaptions. Previously to these 8 bits, a transmission start bit has to be sent by the controlling device. By measuring its duration, the microcontroller can calculate the expected data transmission rate of the controller. This leads to the advantage that any transmission rate can be used without firmware changes. It is just limited by the digital isolators to a maximum rate of 5 Mbps.
Results
In this section, the performance of the developed current source modules is characterized. The signal-to-noise and distortion (SINAD) ratio as well as the load characteristic are determined. Finally, the efficiency of decoupling is analyzed.
Quality of Generated Sinusoidal Signals
Since bioimpedances are frequency-dependent [1] , it is important to ensure that the excitation frequency is generated reliably and that distortions are minimized. To determine the signal quality of the current source, a 1 kΩ load resistor is connected as known load impedance to a module using cables with a length of 1 m. An output current of 1.5 mA is applied to this load and the occurring voltage drop over the resistor is measured by a 12-bit digital oscilloscope (HDO6054 (Teledyne LeCroy, Chestnut Ridge, NY, USA)) for a duration of 50 ms. The measurement is repeated for all 7 selectable frequencies (12 kHz, 30 kHz, 50 kHz, 77 kHz, 143 kHz, 200 kHz, 250 kHz). In Figure 6 , the Table 1 shows the format of the data frame for configuring the current source modules. It can be seen that Bit 7, Bit 6, and Bit 5 contain the information about the chosen frequency. Bit 4 can be used to enable or disable the source. Bit 3 and Bit 2 configure the signal's rms value. The address of the corresponding module is set in Bit 1 and Bit 0. These two address bits lead to a limitation of four modules connected in daisy chain mode, but it can be easily extended by minor software adaptions. 
Since bioimpedances are frequency-dependent [1] , it is important to ensure that the excitation frequency is generated reliably and that distortions are minimized. To determine the signal quality of the current source, a 1 kΩ load resistor is connected as known load impedance to a module using cables with a length of 1 m. An output current of 1.5 mA is applied to this load and the occurring voltage drop over the resistor is measured by a 12-bit digital oscilloscope (HDO6054 (Teledyne LeCroy, Chestnut Ridge, NY, USA)) for a duration of 50 ms. The measurement is repeated for all 7 selectable frequencies (12 kHz, 30 kHz, 50 kHz, 77 kHz, 143 kHz, 200 kHz, 250 kHz). In Figure 6 , the resulting normalized magnitude spectrum of a 30 kHz current is exemplary shown. It can be seen that the harmonics are attenuated by at least 60 dB. In Table 2 , the resulting SINAD values are shown for each frequency. The signal quality of low frequency signals is better than these of high frequency signals. The reason for this effect is that the image frequency at fs-fsignal comes closer to the cut-off frequency of the low-pass filter after the DAC. Table 2 . Signal-to-noise and distortion (SINAD) ratio of the generated 1.5 mA current signal over frequency, measured over a 1 kΩ resistor. 
Load Characteristic of the Current Source
Even when the actual current, injected into the bioimpedance, can be determined by measuring the voltage drop over the shunt resistor, it is desirable to generate reliable currents that do not change over load impedance. To determine the influence of the load resistance on the output current, the current source is connected to 30 different load resistances in a range from 31.6 Ω to 1 MΩ. This measurement is repeated for three excitation frequencies (30 kHz, 77 kHz, and 200 kHz) with a constant output current of 1.5 mA to check if there is an additional frequency dependency. The occurring voltage drop over the load is measured by a 12-bit digital oscilloscope (HDO6054 from Teledyne LeCroy).
In Figure 7 , the actual output current (Irms) is plotted over load resistance (RL) for these three frequencies. Up to a load resistance of about 1500 Ω the output current for each frequency is very stable, which represents a maximum compliance voltage range of ±3.2 V. The current changes over In Table 2 , the resulting SINAD values are shown for each frequency. The signal quality of low frequency signals is better than these of high frequency signals. The reason for this effect is that the image frequency at f s -f signal comes closer to the cut-off frequency of the low-pass filter after the DAC. Table 2 . Signal-to-noise and distortion (SINAD) ratio of the generated 1.5 mA current signal over frequency, measured over a 1 kΩ resistor. 
Even when the actual current, injected into the bioimpedance, can be determined by measuring the voltage drop over the shunt resistor, it is desirable to generate reliable currents that do not change over load impedance. To determine the influence of the load resistance on the output current, the current source is connected to 30 different load resistances in a range from 31.6 Ω to 1 MΩ. This measurement is repeated for three excitation frequencies (30 kHz, 77 kHz, and 200 kHz) with a constant output Electronics 2017, 6, 90 7 of 10 current of 1.5 mA to check if there is an additional frequency dependency. The occurring voltage drop over the load is measured by a 12-bit digital oscilloscope (HDO6054 from Teledyne LeCroy).
In Figure 7 , the actual output current (I rms ) is plotted over load resistance (R L ) for these three frequencies. Up to a load resistance of about 1500 Ω the output current for each frequency is very stable, which represents a maximum compliance voltage range of ±3.2 V. The current changes over the entire range less than 2%. The attenuation in the 200 kHz plot of about 0.1 mA, which is constant over the load, is caused by the low-pass filter characteristic and does not have a negative influence on impedance measurements. It can easily be calibrated.
The It can be assumed that this behavior does not change significantly when generating lower current amplitudes.
Efficiency of Decoupling
To measure the efficiency of the galvanic decoupling, two current source modules are connected to load resistances of RL1 = RL2 = 1 kΩ each, as shown in Figure 8 . Additionally, the outputs are connected with each other to model a simple ideal coupling. Both modules are powered by the same external voltage source and are just isolated by the DC/DC converters as described before. CS1 generates an output current of 1.5 mA, whereas the output of CS2 is switched off. The coupling factor (CF) between both the sources is then determined by measuring I11 and I12 and the usage of Equation (2). It can be assumed that this behavior does not change significantly when generating lower current amplitudes.
To measure the efficiency of the galvanic decoupling, two current source modules are connected to load resistances of R L1 = R L2 = 1 kΩ each, as shown in Figure 8 . Additionally, the outputs are connected with each other to model a simple ideal coupling. Both modules are powered by the same external voltage source and are just isolated by the DC/DC converters as described before. It can be assumed that this behavior does not change significantly when generating lower current amplitudes.
To measure the efficiency of the galvanic decoupling, two current source modules are connected to load resistances of RL1 = RL2 = 1 kΩ each, as shown in Figure 8 . Additionally, the outputs are connected with each other to model a simple ideal coupling. Both modules are powered by the same external voltage source and are just isolated by the DC/DC converters as described before. CS1 generates an output current of 1.5 mA, whereas the output of CS2 is switched off. The coupling factor (CF) between both the sources is then determined by measuring I11 and I12 and the usage of Equation (2). CS1 generates an output current of 1.5 mA, whereas the output of CS2 is switched off. The coupling factor (CF) between both the sources is then determined by measuring I 11 and I 12 and the usage of Equation (2) . CF = 20 × log 10
The resulting coupling factors are plotted in Figure 9 over frequency. As expected, the decoupling decreases with higher frequencies due to the parasitic capacity of the DC/DC converter. Nevertheless, the coupling between both modules is less than −48 dB over the entire frequency range. That the decoupling does not work as well as expected when generating a 12 kHz signal can be explained by the cut-off frequency of the LC low-pass filter at the output of the DC/DC converter, which is 23 kHz, as described before. In real bioimpedance measurement environments, the actual coupling between channels is of course even lower than these values but impossible to predict. Since the simplified network in Figure 6 as well as the more complex network in Figure 1 are assumed to be linear, further measurements with complex impedances or with different frequencies are not necessary.
Summary and Outlook
We have here described the problem of multi-channel bioimpedance measurements and discussed the difference between solving this issue by multiplexing and by galvanic isolation of the current sources. Afterwards, we explained the development of galvanically isolated current source modules, with a focus on the electrical circuitry. These modules are capable of generating excitation currents of up to 1.5 mA in a frequency range from 12 to 250 kHz and can be easily controlled by existing bioimpedance measurement systems. The selectable current values as well as the frequency values are pre-defined in the firmware for exemplary applications of multi-channel electrical impedance plethysmography and myography, but can easily be changed or extended for a specific application if necessary.
After the determination of the current signal quality, the load characteristic of the source was analyzed. The current stability is higher than 98% when used within the compliance range of ±3.2 V. To measure the coupling factor between two current sources, whose current outputs are connected with each other, a simple measurement setup was presented. The resulting measured coupling factors were for the entire frequency range of the current source modules lower than 48 dB.
In the future, the size, weight, and power consumption of these modules should be reduced, to enable usage within wearable systems. Depending on the application and on the used measurement In real bioimpedance measurement environments, the actual coupling between channels is of course even lower than these values but impossible to predict. Since the simplified network in Figure 6 as well as the more complex network in Figure 1 are assumed to be linear, further measurements with complex impedances or with different frequencies are not necessary.
In the future, the size, weight, and power consumption of these modules should be reduced, to enable usage within wearable systems. Depending on the application and on the used measurement system, which controls the modules, changes in the communication protocol are advisable. It is conceivable that some applications need, for example, more or different signal frequencies than in this work suggested. Additionally, the implementation of multi-frequency excitation currents, such as chirp signals [21] , might be useful in the future. Some measurement applications might also need a different current source circuit topology.
Furthermore, existing but currently unused general purpose inputs/outputs (GPIOs) of the modules could be used for synchronization purposes.
